Abstract-A detailed theoretical analysis of optical amplifier noise in coherent optical communication systems with heterodyne receivers is presented. The analysis quantifies in particular how optical image rejection receiver configurations reduce the influence of optical amplifier noise on system performance. Two types of optical image rejection receivers are investigated; a novel, all-optical configuration and the conventional, microwave-based configuration.
I. INTRODUCTION
PTICAL amplifiers will play a very important role in 0 future frequency division multiplexing (FDM) systems since all channels can be amplified simultaneously [l] , [2] . Other attractive features of FDM systems with optical heterodyne receivers include the potential to make very efficient use of the available optical bandwidth [3] and to compensate for dispersion in the transmission fiber at the receiver [4] . However, in such FDM systems with optical heterodyne receiver configurations, the local oscillator-spontaneous emission (LO-SP) beat noise in particular will limit the dynamic range of the amplifiers in the transmission link [5] . Image rejection receivers (IRR) can be used to halve this LO-SP beat noise This paper presents a detailed analysis of optical amplifier noise in the context of optical communication systems with optical image rejection receivers. In contrast to other models [2] , [11] , the narrow-band noise model used here can account for nonuniform spontaneous emission spectra and nonuniform intermediate frequency (IF) filtering. In addition, the model is used to compare two IRR configurations with a standard heterodyne (single detector nonimage rejection) receiver in terms of their influence on optical amplifier noise.
[61-[101. Manuscript received May 8, 1991; revised December 16, 1991. The reduction in optical amplifier noise is demonstrated experimentally for the case of a system limited by LO-SP beat noise. A 2.5-dB reduction of the LO-SP beat noise, corresponding to an equivalent improvement in the dynamic range of the optical amplifier, was obtained when using the all-optical image rejection mixer. This increase in the dynamic range can, for instance, be used to increase the transmission span correspondingly.
The paper is arranged as follows: After the brief introduction in Section I, Section I1 provides a short description of some of the basic concepts pertinent to optical image rejection receivers. Section I11 is devoted to a theoretical analysis of the influence of optical amplifier noise in a standard heterodyne receiver, an all-optical image rejection receiver and a conventional optical image rejection receiver. The advantages and disadvantages of the two IRR's are also analyzed. Section IV then details the experimental verification of the all-optical device and in Section V, the implications of the reduction in optical amplifier noise for system performance are expounded upon. Finally, some conclusions are drawn in Section VI. A description of the narrow-band noise model is relegated to the Appendix.
PRINCIPLE OF OPERATION
In high density FDM optical communication systems, it is desirable to make the most efficient use of the optical bandwidth available. When using an optical heterodyne receiver, an image rejection receiver (IRR) configuration is very attractive since it allows one to reject beat products from the image band and thereby enables one to decrease the inter-channel frequency spacing. A brief introduction to image rejection receivers in the context of this analysis will be presented with a view to providing the necessary background for the subsequent sections.
The desired signal, defined here to correspond to signals located at f s = f~o + fIF -where f s is the signal frequency, f~o is the local oscillator frequency, and f 1~ is the intermediate frequency-is known as the "real" signal (c.f. Fig. 1 ). The undesired signal, defined here to correspond to signals located at f~o -f i~, is known as the "image" signal (c.f. Fig. 1 Fig. I . Location of the real and image channel signalibands in relation to the local oscillator frequency.
with the detection process of the desired signal [12] . To what an extent this channel noise affects the system performance depends on how significant a contribution they make to the total system noise. In cases where no optical amplifier is used this contribution will be negligible in comparison to other sources of noisehterference in single channel coherent optical communication systems with heterodyne receivers. However, in high density FDM systems with heterodyne receivers, the presence of another channel in the image band will introduce a power penalty unless an image rejection receiver configuration is employed [13]-[ 151. In much that same way, the presence of the optical amplifiers' spontaneous emission in the image band is a form of channel noise and can therefore place similar restrictions on system performance, even in single channel systems. Again, an optical image rejection receiver configuration can be used to reduce the noise contribution from the image band [6]- [lo] .
Adapting the IRR configuration to coherent optical communication systems has already been proposed and implemented by Glance et al. [12] and emulated by others [13]-[19] . However, the objective here is to investigate the effect of optical amplifier noise, in particular LO-SP beat noise, on the system as a result of introducing an optical amplifier into a system with an IRR.
We note that a simple form of optical amplifier noise reduction has been demonstrated whereby a Fabry-Perot ctalon is used to optically filter out the spontaneous emission noise in the image band [9] , [lo] . Despite the fact that a 2.5-dB improvement in receiver sensitivity was obtained for a heterodyne receiver limited by LO-SP beat noise, practical difficulties, i.e., insertion loss, stability, tuning difficulties etc., make this device less suited for practical applications than, for instance, the all-optical image rejection receiver.
Three types of receiver configurations are analyzed in this paper: a single detector (standard) nonimage rejection receiver a single detector (all-optical) image rejection receiver and a dual detector (conventional) image rejection receiver. Fig. 2 shows each of the three receivers. Note that the polarization states of the LO and received signal(s) are very important for each receiver configuration.
In the case of the single detector nonimage rejection receiver ( Fig. 2(a) ), the polarization states of the LO and the received signal should be matched to each other for maximum heterodyning efficiency. The receiver cannot reject any signals (or rejection receiver (Fig. 2( b) ) again requires that the polarization states of the real and image signals are identical to each other on entering the High-birefringence (Hi-bi) fiber and that equal amounts of power are coupled into the two axes of the fiber (corresponding to the (linear) horizontal and (linear) vertical polarizations). The length of the Hi-bi fiber is chosen so that the real and image polarizations are orthogonal to each other on exiting the fiber. The polarization state of the LO can be chosen independently so that it matches that of the real signal at the output of the fiber, thereby ensuring maximum heterodyning efficiency for the real signal and minimum heterodyning efficiency for the image signal. In this way the image signal is rejected optically. A more complete description of the principle of operation of this optical image rejection receiver is given elsewhere [20] .
Successful operation of the dual detector image rejection receiver (Fig. 2(c) ) demands that the polarization states of the real and image signals are identical to each other and that the polarizations are such that equal amounts of power lie in the (linear) horizontal and (linear) vertical polarization states. The polarization of the LO must also have a certain fixed state in relation to that of the real and image signals. A complete description can be found in [12] .
NOISE ANALYSIS
In the first part of this section, the spontaneous emission noise from optical amplifiers is analyzed. The noise analysis is based on a general model of a heterodyne receiver where, for the purposes of simplifying the analysis, receiver thermal noise and shot noise have been excluded. In the second part, the model is specialized in order to describe the noise properties of three ideal heterodyne receivers. The specific receivers in question are a single detector nonimage rejection receiver, a single detector image rejection receiver and a dual detector image rejection receiver.
A. Noise Analysis Based on a General Model of a Heterodyne Receiver
The configuration of the general heterodyne receiver model is shown in Fig. 3 . The received signal polarization is transformed by the polarization controller (PC) so that it is linearly polarized and oriented for minimum transmission loss through the polarizer (POL). The polarization states of all light which passes through the polarizer are identical at the output of the polarizer. This is a necessary condition for the successful operation of image rejection receivers. Although the polarizer it not necessary in nonimage rejection receiver configurations, it is included in the general heterodyne receiver model in order to facilitate the comparison of the different receivers. The only difference between the nonimage rejection receiver without the polarizer and the nonimage rejection receiver with the polarizer is that the spontaneous-spontaneous beat noise is halved in the latter case. The received signal and the spontaneous emission from the optical amplifier are combined with the light from the local oscillator by the fiber coupler (FC). For reasons of simplicity, the splitting ratio of the fiber coupler is assumed to be 1 : 1. The polarization controllers in the signal branch (PCs) and in the local oscillator branch (PCL0) determine the polarization state of the combined light at the input of the optical/electrical ( O B ) converter. The polarization controllers PCLO and PCs are introduced for the purpose of analyzing a general model of the receivers in question.
The instantaneous electric field vector, E(t), where t is time, at the input to the O/E converter is given by
where e,, e, are mutually orthogonal unit vectors and El(t), Ez(t) are the electric field components, defined by 
Es(t), and Esp(t) are, respectively, the electric field of the local oscillator, the signal and the spontaneous emission referred to the inputs of P C L~ and PCs. The light from the local oscillator is assumed to be linearly polarized at the input of PCLO. TLO is the time delay difference between the two polarization components in the local oscillator branch and 7s is the corresponding time delay difference between the two polarization components in the signal branch. Each consists of a time delay associated with the phase retardation of the polarization controller plus a transmission time delay (if any) in the respective branch. QLO and QS specify the coupling coefficients of the local oscillator power and the signal/spontaneous emission power, respectively into the two orthogonal polarization components. The local oscillator and the signal are assumed to be continuous wave (CW) sources, and E L O (~) and Es(t) are therefore defined as
PLO and PS are the local oscillator and the signal power, respectively. The spontaneous emission, symbolized by the electric field E~p ( t ) , is assumed to be an additive, wide sense stationary Gaussian noise process [21] . Furthermore, the spontaneous emission is assumed to be bandlimited with zero mean. The power density spectrum of the spontaneous emission, Ssp(f), is defined as:
where N ( f ) , which describes the spectral shape of the spontaneous emission, vanishes for If I > &/2, Bo being the spontaneous emission noise bandwidth (c.f. Appendix A). The spontaneous emission power at the input of PCs is denoted Psp.
In the O/E converter model illustrated by the equivalent block diagram in Fig. 4 , the detection of the two orthogonal polarization components of E(t) is analyzed individually. Thus, the model applies to a dual detector receiver, where each polarization component is physically detected separately, as well as a single detector receiver.
The photo currents are generated by the square-law detection process and are filtered by time invariant linear transfer functions (IF filter, etc. ). An arbitrary time delay, ro, between the two detection processes is allowed by the model. r O is zero in the single detector nonimage rejection receiver. In the single detector image rejection receiver, r O symbolizes the transmission time delay difference of the two polarization components of E( t ) due to the different propagation constants for the two birefringence axes of the Hi-bi fiber. Finally, r O can be used for analysis of the sensitivity to optical and/or electrical path length differences in the dual detector image rejection receiver. Ideally, r O should be zero for the dual detector image rejection receiver.
The two photo currents, I l ( t ) and 1 2 ( t ) , are defined as where 111 and R2 are the photodetector responsitivities associated with detection of each of the two orthogonal polarization components. In a single detector receiver, the photo detector responsitivities are identical (RI E R2 = R). The bar denotes time averaging over optical frequencies. Each of the two photo currents can be regarded as the sum of the dc component, the heterodyned signal (S) current, the local oscillator-spontaneous emission (LO-SP) beat noise current, the signal-spontaneous emission (S-SP) beat noise current and the spontaneous-spontaneous (SP-SP) beat noise current. Substitution of (2)- (5) into (7) and (8) At the output of the receiver, the current, I ( t ) , can be described by
where h l ( t ) and h2(t) are the time unit impulse responses of the two filters and "c3" denotes convolution. In a single detector receiver, the filter responses of the two transfer
The power density spectrum at the output of the receiver,
where f is the frequency, for the signal and any of the beat noise terms in (9) and (10) can be expressed as [22] :
S,(f) and Sz(f) are the power density spectra at the two inputs of the filter and S12(f) is the cross power density 'I 1' denotes the magnitude, 'Re()' denotes the real part and ' *' denotes complex conjugation.
S,(f), S 2 ( f )
, and S,,(f) have been calculated from (9), (10) and (A.3)-(A.6), and the results are presented in Table I ('6' denotes Dirac's delta function). From Table I , all the optical amplifier beat noise contributions are seen to be defined by N ( f ) which may be determined experimentally. Thus, the theoretical results permit a simple analysis of optical amplifier noise from nonuniform spontaneous emission in heterodyne systems with optical amplifiers.
B. Noise Performance of Specific Ideal Heterodyne Receivers
Three ideal heterodyne receivers are analyzed. The receivers are: a) the single detector (standard) nonimage rejection receiver, b) the single detector (all-optical) image rejection receiver and c) the dual detector (conventional) image rejection receiver. Each receiver is characterized by the specific linear transfer functions H1 ( f ) and HZ ( f ) . Once H I ( f ) and HZ ( f ) have been defined, the performance of the receiver is described by (12). For any given receiver S l ( f ) , S z ( f ) , and S l z ( f ) in (12) are found from Table I by substitution of the ideal transmission time delay, 70, and the polarization states of the signal (as and rs) and of the local oscillator ( a~o and 7~0 ) .
In order to simplify the analysis, the spontaneous emission noise spectrum, Ssp(f), is assumed to be bandlimited white noise where N ( f ) is defined in (13), [2].
nSp(G -1) hv/2 is the double sided power density of the spontaneous emission, nsp is the population inversion parameter, and G is the gain of the optical amplifier. hv is the photon energy and 7 represents the optical losses succeeding the optical amplifier.
It should be emphasized that the assumption in (13) does not lead to any loss of generality when the SP-SP beat noise is insignificant compared to the LO-SP beat noise or when the spontaneous emission is optically filtered within a "narrow" bandwidth (i.e., a few A). However, if this is not the case, more precise results can be obtained if the exact power density spectrum of the spontaneous emission is taken into consideration.
In order to demonstrate the noise reduction in image rejection receivers, the spontaneous emission noise bandwidth is assumed to be significantly broad so that the heterodyned spectra (with respect to the signal and the local oscillator) of both the real and image bands of the spontaneous emission exceeds the IF bandwidth, B , of the receiver as indicated in 
receiver configurations. Furthermore, the IF filtering in the receivers is assumed to be defined by the ideal transfer function
The three receiver configurations are treated separately in the following. 1) Single Detector Nonimage Rejection Receiver (Fig. 6 ): The two filtering processes in a single detector (nonimage rejection and image rejection) receiver are identical
and, furthermore, RI --R2 = R. For the single detector receivers, (12) can be rewritten as: Thc time delay difference between detection of the two orthogonal polarization components of E(t) is zero for a single detector nonimage rejection receiver (TO = 0) and the receiver is assumed to be operated with linear polarization of both the signal and the local oscillator (7s = TLO = 0). By substituting appropriately into Table I and using (13), the power density spectra at the output of the single detector nonimage rejection receiver, (15), can be expressed as
When the local oscillator is circularly polarized ((PLO = 7r/2), which is part of the conditions for image rejection operation of this receiver, (21.a) can be rewritten as:
By comparing (21.b) to (16), the signal levels of the two single detector receivers are seen to be identical.
The power density spectrum of the local oscillatorspontaneous emission beat noise, S~o -~p ( f ) , can be expressed as can be represented as (22.b) where i,r.i(x) is defined by
These results are in agreement with [2] .
2) Single Detector Image Rejection Receiver (Fig. 7) : The filtering process of the single detector image rejection receiver is given by H I ( f ) G H2 (f) = HIF ( f ) where the IF filter transfer function is defined in (14). For the single detector image rcjection receiver, the signal is assumed to be linearly polarized ( T~ = 0) and the length of the Hi-bi fiber is chosen so that 4 / I , ? T() = 1. Consequently, the power density spectrum of the signal, SS( f ) , at the output of the receiver can be expressed as The total LO-SP beat noise is seen to be half that of the single detector nonimage rejection receiver.
The signal-spontaneous emission beat noise spectrum, S s -s p ( f ) , and the spontaneous emission-spontaneous emission beat noise spectrum, S~p -~p ( f ) , are given by
Integration of (23) and (24) over the IF bandwidth yields the S-SP and SP-SP noise powers. By comparing with the corresponding noise powers for the single detector nonimage where PLO = 2 7 r f~0 r~0 . rejection receiver ((18) and (19)) and provided that B << Bo, it is seen that the power of the S-SP beat noise and the power of the SP-SP beat noise of the single detector image rejection receiver is half the power of the respective beat noise of the single detector nonimage rejection receiver.
3) Dual Detector Image Rejection Receiver (Fig. 8): The 3 dB 90' microwave coupler in the dual detector image rejection receiver is assumed to be ideal at all frequencies within the IF bandwidth of the receiver. Thus, I l ( t ) is phase shifted by 90°, while the phase of I&) is unchanged and consequently the filtering processes of the receiver can be defined as Hl(f) = 'sgn( )' is the signum function. Insertion of H1 ( f ) and H2( f ) into (12) yields:
Where 'Im()' denotes the imaginary part.
In this analysis, optimum image rejection operation of the receiver is assumed. The signal polarization is therefore linear (TS = 0) and the local oscillator polarization is circular (PLO = w/2). Furthermore, the two paths of the receiver are assumed to be perfectly matched (RI = R2 = R and TO = 0). Thus, given these conditions and substituting again into Table I and using (13), the power density spectra at the output of the dual detector image rejection receiver can be expressed as:
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, -. --From (27.a) it is observed, that the image band of the spontaneous emission, N ( f~0 -f s p -f ) , does not contribute to the LO-SP beat noise in the dual detector image rejection receiver (provided that the receiver is operated under the ideal image rejection conditions).
Comparing (26) to (16), it can be seen that the signal power of the dual detector image rejection receiver is half that of the single detector nonimage rejection receiver. In addition, by comparing (27.b) to (17), (28) to (18) and (29) to (19) it can be seen that the power of the beat noise terms from the spontaneous emission of the dual detector image rejection receiver is one quarter of that of the single detector nonimage rejection receiver.
Discussion: In the absence of optical amplification, the signal to noise ratios of the three receiver configurations are identical provided that the LO power is sufficient. However, the dual detector image rejection receiver requires twice the LO power as both single detector receivers in order to obtain shot noise limited operation. Glance, [12] , has proposed an alternative implementation of the dual detector image rejection receiver which requires less LO power for shot noise limited operation; but compared to a balanced receiver configuration of the all-optical image rejection receiver, this implementation also requires twice the LO power in order to bury the thermal noise in shot noise.
In the case where optical amplification is present, the two image rejection receivers reduce the noise figure of the optical amplifier by 3 dB compared to the nonimage rejection receiver. This reduction in noise figure corresponds to an equivalent increase in the dynamic range of the optical amplifier which can be utilized to improve the overall system performance as explained in Section V.
An important feature of the single detector image rejection receiver is the simplicity of the receiver configuration. Apart from being simple to implement, the receiver can operate over a large optical wavelength range since it is the relative frequency separation between the real and image bands which determines the polarization states at the output of the Hi-bi fiber. The device is also temperature insensitive since all three signals, the real, image and LO signals, pass through the same section of Hi-bi fiber; any temperature changes which cause the output polarization of any one of these signals to change will also effect the others correspondingly so that the relative relationship will be maintained at all times.
Furthermore, optimum operation of the single detector image rejection receiver if far less sensitive to variations of TO than the dual detector image rejection receiver. The signal power at the output of the two image rejection receiver configurations are proportional to 1 + cos 2wf1~A70 (c.f. (12) and Table I of light in vacuum. For the dual detector image rejection receiver ArO equals AL',Jc where AL' denotes the length mismatch between the two branches of the receiver. Since , B is in the order of to 7.1Op4, [23] , the sensitivity to length variations is seen to be 3 to 4 orders of magnitude smaller for the single detector image rejection receiver compared to the dual detector image rejection receiver.
IV. EXPERIMENTAL RESULTS
A number of experiments were performed with a view to verifying the theory and demonstrating the feasibility of using the Hi-bi fiber as a simple means to reduce optical amplifier noise. The experimental setup is shown schematically in Fig. 9 . A multi-quantum well (MQW) three-section distributed feedback (DFB) laser is used as a CW signal source and a DFB laser is employed as the LO. The signal from the MQW laser is amplified 30 dB by an erbium doped fiber amplifier (EDFA) pumped by 1480-nm laser diodes. The amplified signal and spontaneous emission are passed through a polarizer before being combined with the LO light in a fiber-optic directional coupler. For practical purposes, the local oscillator-signal beat frequency is adjusted to 11 GHz. One output branch of the coupler is connected to the section of Hibi fiber and a Lightwave Analyzer displays the heterodyned power spectrum at the output of the Hi-bi fiber. For the purpose of demonstrating the periodicity in the LO-SP beat power density spectrum within the 22 GHz bandwidth of the Lightwave Analyzer, a fiber length of 33 m (i.e., 7-0 = 68 ps), corresponding to fIF = 3.7 GHz, was chosen.
For the standard heterodyne (i.e., nonimage rejection) receiver configuration, the polarization states of both the LO and the signal (and consequently the spontaneous emission) are adjusted to be linear and aligned parallel to the same birefringence axis on entering the Hi-bi fiber. This is achieved by orientating a polarizer at the output of the Hi-bi fiber parallel to one of the Hi-bi axes and monitoring the intensity of the transmitted light. The polarization state of the LO is then adjusted for minimum transmission through the polarizer thus ensuring that the input (and output) polarization states are parallel to the other Hi-bi fiber axis. Following this, the signal polarization is also adjusted for minimum transmission through the polarizer. The Hi-bi fiber is deliberately not removed in order to demonstrate the importance of the incident polarizations for image rejection operation. The arrangement of the polarizations is, in this case, fully equivalent to the standard heterodyne receiver. Consequently, by rewriting (22) fiber can be written as where S R (~) and S l ( f ) denote the LO-SP beat noise power density spectra for the real and image bands, respectively. The measured spectral power density is shown in Fig. 10 . As can be expected from (30), the spectral power density is flat.
Turning to the image rejection receiver configuration, from (22.a) it can be seen that the shape of the LO-SP beat noise power density spectrum for the single detector, image rejection receiver depends on, among other things, the value of PLO. For PLO = 0, (lineary polarized and orientated at 45" to the Hi-bi axes of the fiber) and assuming that the polarization state of the amplified signal and spontaneous emission are also the same as that of the LO, the power density spectrum of LO-SP on exiting the fiber is given by
The theoretical and measured spectra are shown in Fig. 11 . The signal and LO polarizations would, of course, never be adjusted to be identical on entering the Hi-bi fiber in any practical IRR: the purpose of these curves is purely to demonstrate the principle of operation of the Hi-bi fiber in reducing the perceived optical amplifier noise in the receiver. In order to be able to relate (31) to the measured power density spectrum, fIF must be substituted into the above equation. Since IF = 3.68 GHz, substituting into (31) yields the resultant power density spectrum. The periodic nature of the LO-SP beat noise is quite evident from these curves. Considerable suppression of the LO-SP beat noise is achieved at the frequencies corresponding to f = 2(1 + 2p) fIF, where p is an integer.
Note that the adjustment of the polarization states is again performed by analyzing the polarization states at the output of the Hi-bi fiber in a manner similar to that described above.
Finally, when PLO = -1~1 2 (circularly polarized light) and the amplified signal and spontaneous emission polarization is linearly polarized and orientated so that equal amounts of power are coupled into the Hi-bi axes of the fiber, the single detector image rejection receiver's LO-SP power density spectrum can be written from (22.a) as
The measured power density spectrum is depicted in Fig. 12 . Note that the resultant spectrum is flat. In contrast to the preceding case, the LO and signal polarizations are matched at the output of the Hi-bi fiber. Consequently, since the heterodyned signal level is the same as for the standard heterodyne receiver, the two curves in Fig. 10 and Fig. 12 can be compared directly with each other. It can be seen that a noise reduction of approximately 2.5 dB was obtained with this IRR configuration. Thermal noise, LO shot and relative intensity noise and nonideal polarization control of the polarization states account for the remaining 0.5 dB. The advantages of this particular method to reduce optical amplifier noise have been discussed in Section 111. In the next section, Section V, the implications of the analysis and experimental results for system applications and configurations will be considered in some detail. 
V. SYSTEM CONSIDERATIONS
For FDM system applications, one of the main concerns is the number of channels which can be transmitted at a given bitrate for a certain system loss. Since the beat noise between the LO and the accumulated spontaneous emission will limit the system performance, a reduction of this noise term is of particular interest. The introduction of an IRR offers a 3-dB reduction of the LO-SP beat noise (17), (22.b), and (27.b) and the objective of the following section is to interpret this reduction in terms of improved system performance.
The system configuration under consideration is a coherent FDM system as illustrated in Fig. 13 where a number of amplifiers are cascaded in-line, each with a gain which exactly compensates the loss between two amplifiers. The input power to the amplifiers for a single channel is given by the saturation output power of the amplifiers, P~A T , divided by both the number of channels, NCH, and the gain, G. Assuming a heterodyne receiver and accounting only for LO-SP beat noise, LO shot noise and thermal noise (where the thermal noise is represented by the double sided noise spectral density, NTH), the signal-to-noise ratio in the case of a standard heterodyne receiver, (S/N)NON-IRR, is given by (16), (17).
--
where NA, is the number of cascaded amplifiers, q is the coupling efficiency between the last amplifier and the heterodyne receiver, e is the electron charge, and B is the IF filter bandwidth, which is dependent on the bitrate. Note that PLO is the local oscillator power at the input to the fiber coupler in the heterodyne receiver (c.f. Section 111). From the above equation it is clear that for a given signal-to-noise ratio, the LO-SP beat noise will become the dominant noise term as the number of channels and/or the number of cascaded amplifiers is increased for a fixed bitrate.
Given the same conditions, the signal-to-noise ratio for the single detector image rejection receiver, (S/N),,, is given by and (21), (22) 7?R2PLOPSAT/NCH MRR = ( 7 R 2 N~( G -1 ) n s p h v P~o + 2(eRP~o + 2Nm))B ' (34) Again, an improvement of 3 dB is obtained by introducing an image rejection receiver. The SP-SP beat noise can be reduced to an insignificant contribution by either using an optical filter or a balanced receiver. For the situation where the LO-SP noise is dominant and nsp equals 1, the receiver sensitivity is identical to that of a shot noise limited receiver. Consequently, the effective noise figure of the amplifier is 0 dB. Thus, the combination of an optical preamplifier and an image rejection receiver is an alternative way to approach the shot noise limit in a heterodyne receiver with insufficient 0.5NA 1 . ON, 2.0NA LO-power. Furthermore, in contrast to a standard heterodyne receiver, the sensitivity of this combination is independent of coupler loss and the responsitivity of the photodetector. By introducing the requirement that the LO-SP beat noise of the two receivers are identical and that the signal-to-noise ratios arc identical, the following equation holds:
The term on each side of (35) can be interpreted as the dynamic range of the cascaded amplifiers [2] , and it is noticed that the system capacity in terms of bitrate times number of channels can be traded off against the number of amplifiers with a fixed gain. Furthermore, it is seen that the image rejection rcceiver offers a doubling of the dynamic range compared to the nonimage rejection receiver and, consequently, as shown in Fig. 14 , allows one to double either the system capacity or the number of amplifiers. It should be noticed that for a large number of cascaded amplifiers, the latter choice corresponds to a doubling of the transmission span in a long haul system. It can be shown that the dynamic range of the dual detector image rejection receiver is identical to that of the single detector image rejection receiver. In a shot noise limited receiver such as an ideal coherent receiver, the introduction of an optical preamplifier will not improve the receiver sensitivity. However, in an FDM system where high channel selectivity is important, an optical preamplifier could be advantageous in order to compensate for insufficient LO-power. In the case of a nonimage rejection recciver with an optical preamplifier, the signal to noise ratio is given by (33) . If the SP-SP noise (19) is also taken into account and one assumes large optical gain, this expression can be written as
where PREC is the input power to the optical preamplifier. The corresponding signal to noise ratio for an image rejection rcceiver is given by (24) and (29) .
PLOPREC (a) IRp, = 71sp (PLO + $nsphvGBo) hvB
VI. CONCLUSION
We have presented a detailed theoretical analysis of the influence of optical amplifier noise on receiver sensitivity in coherent optical communication systems with heterodyne receivers. The analysis is based on a narrow-band noise model which can account for nonuniform spontaneous emission spectral power density as well as nonuniform intermediate frequency filtering in the receiver.
The paper has concentrated on the analysis of image rejection receivers. Three types of receiver configurations have been analyzed in this paper: a single detector nonimage rejection receiver, a single detector image rejection receiver, and a dual detector image rejection receiver.
The analysis shows that local oscillator-spontaneous emission beat noise (LO-SP), signal-spontaneous emission beat noise (S-SP) , and the spontaneous-spontaneous beat noise (SP-SP) are all reduced by 3 dB for the case of an image rejection receiver compared to a nonimage rejection receiver. An alloptical image rejection mixer was built in order to demonstrate the results experimentally. Used in conjunction with an optical preamplifier, an 2.5-dB suppression of the LO-SP beat noise was achieved.
The reduction of amplifier beat noise is shown to correspond to an equivalent increase in the dynamic range of cascaded inline amplifiers, allowing one to double the transmission span in long-haul links with a large number of optical amplifiers.
APPENDIX SPONTANEOUS EMISSION NOISE MODEL
The model is based on the optical amplifier configuration shown in Fig. 15 . The amplifier is followed by a polarizer which is essential for noise reduction in image rejection receivers since the spontaneous emission is randomly polarized. The spontaneous emission after passage through the polarizer is symbolized by the electric field ESP@). The spontaneous emission is assumed to be an addictive wide sense stationary Gaussian noise process [21] . Furthermore, the spontaneous emission noise is bandlimited with zero mean.
Since the noise is bandlimited, the spectral power density, Ssp(f), can be written as .sin 2a(f -~R ) T df = -jrV(.fR -fSP + f) + j N ( f R -f S P -f) ( A 4 where j = The noise contributions from the optical amplifier are completely described in terms of the in-phase and quadraturephase modulation components of Esp(t) with respect to suitable reference frequencies (c.f. (9), (10)). Thus, the beat noise power density spectra of the optical amplifier noise in the receiver are determined by the real band spontaneous and 'F{ }' denotes the Fourier transform. Fig. 16 for a typical noise spectrum of an optical fiber amplifier.
For any arbitrary reference frequency, f R ( 2 f R > f~) , the electric field of the spontaneous emission can be shown to be represented by [24] where E i , R ( t ) is the in-phase modulation component and
E q ,~( t )
is the quadrature-phase modulation component of Esp(t) with respect to the reference frequency. E i , ~( t ) and
are jointly wide sense stationary Gaussian noise processes with zero mean. The autocorrelation function, R i , R ( t), and the crosscorrelation function Rqi,R(t), of the two noise processes ( E i ,~( t ) and E q ,~( t ) ) are defined by '( )' denotes the ensemble average and '*' denotes complex conjugation.
The power density spectrum, S i ,~( f ) , and the cross power density spectrum, S q i ,~( f ) , of the two noise processes are
